Two distinct functions have been proposed for the serine-arginine (SR)-rich family of splicing factors. First, SR proteins are essential splicing factors and are thought to function by mediating protein-protein interactions within the intron during spliceosome assembly. Second, SR proteins bind to exonic enhancer sequences and recruit spliceosome components to adjacent introns. The latter activity is required for splice-site recognition and alternative splicing. Until now it has not been possible to determine whether the requirement for SR proteins in the basic splicing reaction is a secondary consequence of their exon-dependent recruitment function. Here we show that RNA substrates containing only 1 nt of exon sequence can undergo the first step of the splicing reaction in vitro and that this activity requires SR proteins. Thus, we provide direct evidence that SR proteins have both exon-independent and exon-dependent functions in pre-mRNA splicing.
The accurate removal of introns from metazoan pre-mRNAs requires the recognition of weakly conserved splice sites by components of the spliceosome (1) (2) (3) . A family of essential splicing factors characterized by the presence of a serinearginine (SR)-rich domain are critical components of this recognition process. SR proteins bind to specific RNA sequences through one or more RNA-binding domains and interact with other splicing factors through an arginine-serine (RS)-rich protein-interaction domain (4, 5) .
When initially identified, SR proteins were shown to act early in the splicing reaction (6) (7) (8) (9) (10) (11) and to be required for the earliest step in spliceosome assembly (12) . However, SR proteins also are thought to act later in the splicing reaction, possibly in the recruitment of the U4͞6⅐5 tri-snRNP complex to the spliceosome (13) . In vitro complementation studies revealed that high concentrations of SR proteins could substitute for the functions of U1 snRNP or the essential splicing factor U2AF, which bind to the 5Ј and 3Ј splice sites, respectively (14) (15) (16) (17) . These studies led to the proposal that SR proteins can functionally substitute for U1 snRNP or U2AF by directly binding to the 5Ј splice site and recruiting U2 snRNP to the spliceosome and͞or by mediating other protein-protein interactions during spliceosome assembly. These proposals were based on two observations. First, the SR protein SF2͞ ASF was shown to promote the binding of U1 snRNP to pre-mRNA (18, 19) and to bind to a 5Ј splice site in vitro (20) . Second, SR proteins were shown to interact with each other and with specific spliceosomal proteins in the yeast two-hybrid system and in vitro (18, 21, 22) . The observation that SR proteins could interact simultaneously with the U1 snRNP 70-kDa protein and the 35-kDa subunit of U2AF in the yeast two-hybrid system was consistent with the proposal that SR proteins mediate interactions between factors bound to the 5Ј and 3Ј splice sites (21, 23) . However, the observation that SR proteins bind specifically to the 5Ј site is controversial, and there is no direct evidence that SR proteins mediate proteinprotein interactions within the intron.
The conclusion that SF2͞ASF binds specifically to 5Ј splice sites in vitro (18, 20) was not supported by subsequent studies of other splicing substrates (19) . Moreover, a systematic RNAprotein cross-linking study carried out with functional splicing complexes detected SR proteins only within exons, not within the intron or at the 5Ј or 3Ј splice site (24) . Thus, it is unclear whether SR proteins bind to a specific intron sequence in a functionally significant manner. In addition, it is difficult to envision how SF2͞ASF could bind to the 5Ј splice site and promote the recruitment of U1 snRNP to the same sequence. The simultaneous binding of the two components to the 5Ј splice site seems unlikely.
Although SR protein interactions have been investigated extensively, the functional significance of these interactions between SR-containing proteins within the intron has not been demonstrated. In fact, the recent identification of an alternative set of 5Ј-3Ј splice-site-bridging proteins in yeast and mammals raised doubts concerning the role of SR proteins within the intron (25, 26) . Because the conservation of splicing factors between budding yeast and metazoa is remarkably high, the yeast spliceosome has been viewed as a prototype of the metazoan splicing machinery. However, there are no obvious yeast orthologs of either SR proteins or U2AF 35 (27) , essential components of the SR protein-bridging model. Because exonic enhancers and SR proteins are unknown in budding yeast, it was suggested that SR proteins may function exclusively in exon-dependent splicing in metazoa (25) .
The role of SR proteins in exon-dependent splicing is better established (see refs. 5 and 28-30 for reviews). SR proteins bind to exonic splicing enhancers (31) (32) (33) and recruit the splicing machinery to the adjacent intron through proteinprotein interactions (33) (34) (35) . Exonic splicing enhancers initially were thought to function exclusively in pre-mRNAs that are alternatively spliced (see ref. 28 for review). However, recent studies have revealed the presence of SR proteinbinding sites within the exons of constitutively spliced premRNAs (24, 36) , and these binding sites can function as splicing enhancers (36) . It is likely that SR proteins bind to sequences found in most, if not all, exons in constitutively spliced pre-mRNAs. Thus, because all of the pre-mRNAs used for in vitro splicing studies with SR proteins contain exon sequences, the possibility that the SR proteins function entirely through the exon-dependent recruitment pathway cannot be ruled out. If this is the case, sequences within metazoan introns may not be sufficient for recognition by the spliceosome.
To address this possibility we synthesized and tested splicing substrates containing as little as a single nucleotide. Our substrate design was based on the observation that a premRNA lacking the 3Ј splice site AG and the downstream exon can undergo the first step of the splicing reaction: cleavage at the 5Ј splice site and lariat formation (37, 38) . Thus, lariat
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formation does not require the downstream exon, so the role of the upstream exon in 5Ј splice-site recognition and the requirement for SR proteins can be examined. Remarkably, an RNA substrate containing only 1 nt of 5Ј exon sequence and the downstream intron is capable of undergoing the first step of the splicing reaction in vitro, and this reaction requires SR proteins. Thus, we provide direct, functional evidence that SR proteins are required for the splicing reaction independent of their ability to bind exon sequences.
MATERIALS AND METHODS
RNA. The template for the AdML substrate lacking the 3Ј splice site AG and the downstream exon was synthesized by PCR as described (37) . All other AdML-derived substrate templates (31 nt, 15 nt, 9 nt, 9 nt scrambled, 6 nt, 3 nt, 2 nt, or 1 nt of the upstream exon but lacking the downstream exon and the 3Ј splice site) were generated similarly by PCR using pAdMLpar (a gift from R. Reed, Harvard Medical School) and the appropriate set of primers (primer sequences are available upon request). PCR was also used to generate the templates for the ␤-globin and ftz minimal substrates containing 6 and 3 nt, respectively, of the upstream exon but lacking the 3Ј splice site AG and the downstream exon. 32 P-labeled RNAs were synthesized either with T7 RNA polymerase or with T4 polynucleotide kinase and gel-purified before use. Recent experiments demonstrated that T7 RNA polymerase produces 5Ј-end heterogeneity during in vitro transcription from certain templates (39) . To test for 5Ј heterogeneity substrates containing 1 or 2 exon nucleotides ( Fig. 1A) were synthesized by T7 RNA polymerase in the presence of [␥-32 P]GTP, PAGE-purified, and subjected to complete RNase A digestion. A quantitative analysis of the digestion products demonstrated that the substrate containing 1 nt of exon sequence has less than 1% of 5Ј heterogeneity, whereas the substrate containing 2 nt of exon sequence has approximately 8% of 5Ј heterogeneity.
In Vitro Splicing. Splicing reactions were as described previously (40) , containing 20% vol͞vol HeLa cell nuclear extract. Reactions (25 l) were incubated at 30°C for 1.5 hr, PAGEfractionated, and analyzed by phosphorimager radiography (Fuji). S100 complementation experiments were performed as described above except that 40% HeLa cell cytoplasmic extract (S100) was used. Reactions were complemented with varying amounts of baculovirus-produced SR proteins.
Recombinant Proteins. Recombinant baculoviruses expressing 9G8, 9G8 RS , SC35, and SF2͞ASF and their purification were as described previously (41, 42) . His-tagged SF2͞ ASF(FF-DD) containing a double Phe-to-Asp mutation within RNP-1 of the RNA-binding domain (43) was generated by PCR amplification of pET-19b (a gift from A. Krainer, Cold Spring Harbor Laboratory) and inserted into pFASTBAC (GIBCO͞BRL) to generate recombinant baculoviruses. After infection of Sf9 cells, proteins were purified under native conditions on Ni-NTA (Qiagen, Chatsworth, CA) as described previously (42) . 9G8 RS and SF2͞ASF RS were a gift from B. Graveley (Harvard University). Briefly, 9G8 RS contains the zinc-knuckle and RS domain of 9G8 fused to MS2, and SF2͞ASF RS contains a fragment of Escherichia coli DNA gyrase B fused to the RS domain of SF2͞ASF. SF2͞ASF RS was expressed in Sf9 cells by using recombinant baculoviruses and purified under native conditions as described (42) .
RESULTS

Intron Sequences Are Sufficient for the First
Step of the Splicing Reaction. Splicing substrates bearing varying lengths of the upstream exon but lacking the downstream exon and the 3Ј splice site AG dinucleotide (Fig. 1A) were synthesized and tested in an in vitro splicing reaction (Fig. 1B) . The progressive truncation of exon sequences from 31 to 3 nt did not reduce significantly the efficiency of cleavage at the 5Ј splice site and lariat formation (Fig. 1B) . Primer extension experiments (data not shown) and the gel mobilities of the lariat-containing RNAs (Figs. 1B and 3 C and D) revealed that the authentic branch point and 5Ј splice site were used with each of the exon truncation substrates.
To further delineate the exon sequences required for lariat formation, substrates containing 3, 2, or 1 exon nucleotides (referred to as ϩ3, ϩ2, and ϩ1 RNAs) were tested (Fig. 2) . No significant difference was observed in the efficiency of lariat formation between the ϩ3 and ϩ2 RNAs. Remarkably, lariat formation was also observed with the ϩ1 RNA containing only a single exon nucleotide, although the efficiency of this reaction was approximately 10-fold less than that observed with the ϩ2 RNA (Fig. 2B) . That any lariat formation could be observed with the ϩ1 RNA shows that intronic recognition signals are sufficient for the assembly of the splicing machinery and recognition of the correct 5Ј splice site and branch-point sequence.
The 10-fold decrease observed between the ϩ2 and ϩ1 RNAs could be a consequence of the recently discovered 5Ј end heterogeneity observed for certain substrates synthesized by T7 RNA polymerase (39) . However, a 5Ј end analysis of the ϩ1 RNA indicated less than 1% heterogeneity (Materials and Methods; data not shown) and therefore cannot account for the 10% activity observed for lariat formation. Most likely, the drop in activity is a result of the expected decrease in the affinity of U1 snRNP for the 5Ј splice site. The 5Ј end of U1 snRNA interacts with the 5Ј splice site intron sequence, as well as with the 2 nt in the upstream exon (GG, Fig. 1 A) . Thus, the ϩ1 and ϩ2 RNAs differ from each other by a single base pair interaction between U1 snRNA and the substrate. The free energy of base pair interactions can be calculated by using well established parameters for nearest-neighbor base-stacking contributions (44, 45) . According to this calculation the difference in the stability of the duplex formed between U1 snRNA and the ϩ1 or ϩ2 RNA is 1.6 kcal͞mol or Ϸ14-fold at reaction temperature. Thus, the approximately 10-fold reduction in splicing efficiency observed with the ϩ1 RNA can be accounted for by the weaker interaction between U1 snRNA and the 5Ј splice site͞exon junction. We conclude that spliceosome assembly and the formation of a covalent bond between the 5Ј splice-site and the branchsite adenosine nucleotide do not require exon sequences beyond the essential phosphodiester linkage defining the junction between exon and intron.
SR Proteins Are Required for Lariat Formation with the ؉1 RNA. Having shown that an RNA containing only a single exon nucleotide is sufficient for lariat formation, it was possible to directly test the hypothesis that SR proteins have an exonindependent function in splicing. To accomplish this, RNA substrates containing only 1-3 nt of exon sequence were tested in S100 extracts deficient in SR proteins. As shown in Fig. 3A , lariat formation was not observed with any of these RNAs in the S100 extracts, suggesting that SR proteins indeed are required for splicing activity with these minimal exon substrates. This possibility was confirmed by showing that the addition of the recombinant human SR protein 9G8 resulted in high levels of lariat product with all three minimal exon substrates (Fig. 3A) . Other recombinant SR proteins such as SF2͞ASF and SC35 also activated the first step of the splicing reaction, showing that the activity of these substrates does not require a specific SR protein (Fig. 3B) .
To address the question of whether ϩ3 substrates from premRNAs other than AdML behaved similarly, we tested derivatives of ␤-globin and ftz pre-mRNAs. As demonstrated in Fig. 3 C and D, each substrate was capable of undergoing lariat formation in nuclear extracts. In addition, lariat formation was not observed with these substrates in S100 extracts, but could be observed upon the addition the SR protein 9G8. We conclude that SR proteins play a critical role in the basic splicing reaction of pre-mRNA substrates containing as little as 1 exon nucleotide.
An RNA Binding Domain Is Required for Efficient SRDependent Lariat Formation. SR proteins are modular in structure, containing at least one RNA-binding domain and an RS domain. The RNA-binding domain is necessary for site-specific binding to RNA (4, 5) , whereas the RS domain is required for specific protein-protein interactions (18, 21, 22) . To determine whether the RNA-binding domain of SR proteins is required for lariat formation with the minimal exon substrates, we tested mutants of 9G8 and SF2͞ASF lacking a functional RNA-binding domain in S100 complementation experiments. A fusion protein consisting of the bacteriophage MS2 protein fused to the SR domain of 9G8 can promote lariat formation with the ϩ3 RNA (Fig. 4A, lane 4) . However, the efficiency of lariat formation was considerably less than that observed with intact 9G8 (Fig. 4A,  lane 2) . Similarly, an RNA-binding mutant of SF2͞ASF(FF-DD), which contains a double Phe-to-Asp mutation within the RNAbinding domain (43) , as well as another fusion protein in which the SR domain of SF2͞ASF is fused to the E. coli DNA gyrase B can activate lariat formation with the ϩ3 RNA in S100 extracts (Fig. 4A, lanes 6 and 7) . Again, the efficiency of lariat formation with these proteins lacking a functional RNA-binding domain is low compared with that observed with intact SF2͞ASF (Fig. 4A,  lane 5) . Quantitation of the data revealed that the intact SR proteins activate lariat formation 30-to 100-fold over background at a concentration of 200 nM. By contrast, proteins lacking a functional SR domain activated lariat formation by only 5-to 15-fold at a concentration of 2 M (Fig. 4B) . The addition of an RNA-binding domain alone did not activate lariat formation in S100 extracts (data not shown). Thus, RNA binding significantly increases the activity of SR proteins with the minimal exon substrates. The low levels of activity observed at high concentrations of hybrid protein may be a consequence of the ability of the RS domain to promote protein-protein interactions between spliceosome components bound to the intron.
DISCUSSION
The data presented here show that SR proteins are required for the first step of the splicing reaction with RNA substrates containing only a 1-nt exon. Thus, we show that SR proteins have at least two distinct functions in pre-mRNA splicing: one that requires exon sequences and the other that does not. A number of studies are consistent with this conclusion (4, 5) . However, because all of these studies were carried out with exon-containing substrates, one cannot rule out the possibility that the exon-independent function of SR proteins was masked by their exon-dependent function.
The exon-dependent function of SR proteins is to recruit the splicing machinery to the adjacent intron (29) , and this mechanism is used in both alternative splicing (28) and for splice-site recognition in constitutively spliced pre-mRNAs (36) . The mechanism by which SR proteins promote lariat formation in the ϩ1 to ϩ3 substrates described here is not understood. They could facilitate interactions between the 5Ј and 3Ј splice sites across the intron as originally proposed (21, 23) or they could mediate other protein-protein interactions during spliceosome assembly. Consistent with both possibilities, we have shown that the RS domain alone is sufficient for low levels of splicing of the ϩ1 to ϩ3 substrates in S100 extracts. Thus, it is likely that SR proteins promote protein-protein interactions within the intron during spliceosome assembly, and this function can be provided partially by the RS domain alone. However, the efficiency of lariat formation increases by approximately 50-fold if the SR protein contains a functional RNA-binding domain, indicating that RNA binding is essential for maximal splicing activity within the intron. 
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Proc. Natl. Acad. Sci. USA 96 (1999) At present the binding site(s) of SR proteins within the intron of the minimal exon substrates are not known. We have not been able to detect significant binding of recombinant SR proteins to the 5Ј splice site of a ϩ2 RNA substrate in S100 extracts under conditions in which efficient lariat formation is observed (data not shown). This observation is in agreement with a previous study showing that SR proteins bind to exon but not intron sequences in functional splicing complexes (24) , and suggests that the activity of SR proteins observed with the minimal exon substrates may require only nonspecific binding to RNA. This possibility is consistent with the result that a number of different SR proteins can promote lariat formation in our assays using at least three different minimal substrates, and with in vitro selection studies showing that the sequence selectivity of individual SR proteins is rather weak (46, 47) .
Efficient pre-mRNA splicing of the 5Ј proximal intron depends on the presence of a 5Ј cap (48, 49) . Because SR proteins were shown to complement cap-binding protein complex (CBC)-depleted nuclear extracts (48) , it is possible that SR proteins interact with the CBC to recruit the spliceosome to the adjacent splice site. However, all of the substrates used in our splicing assays were synthesized without a 5Ј cap, and additional experiments indicated that the presence or absence of a 5Ј cap had less than a 2-fold effect on the splicing efficiency of the substrates tested (unpublished data). Thus, it is unlikely that an SR protein͞CBC interaction is an important component of the splicing reactions described here.
The requirement of SR proteins for lariat formation with RNA substrates containing only 1 exon nucleotide also raises an interesting evolutionary question. SR proteins are not found in budding yeast, and their introns have highly conserved splice-site and branch-point recognition sequences. By contrast, metazoan introns have highly degenerate splice-site and branch-point recognition sequences, and intron recognition requires SR proteins. , and a preparation of total SR proteins from nuclear extracts (100 ng͞25 l reaction) can also complement S100-dependent lariat formation of an AdML minimal substrate containing 3 exon-1 nucleotides. (C and D) The SR protein 9G8 (200 nM) complements S100 extracts to reconstitute both steps of splicing for exon-containing substrates and the first step of splicing for minimal substrates derived from two other pre-mRNAs, ftz (C) and ␤-globin (D).
This difference affords the opportunity for regulating splice-site selection in metazoan pre-mRNAs, and it appears to necessitate additional mechanisms for ensuring correct splice-site recognition in constitutively spliced RNAs. These mechanisms appear to involve both the exon-dependent and exon-independent activities of SR proteins.
